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We present in this contribution a comprehensive investigation of the effect of the size of gold
nanospheres on the decay and energy transfer rates of quantum systems placed close to these
nanospheres. These phenomena have been investigated before, theoretically and experimentally, but
no comprehensive study of the influence of the nanoparticle size on important dependences of the
decay and energy transfer rates, such as the dependence on the donor-acceptor spectral overlap and
the relative positions of the donor, acceptor, and nanoparticle, exists. As such, different accounts of
the energy transfer mechanism have been presented in the literature. We perform an investigation of
the energy transfer mechanisms between emitters and gold nanospheres and between donor-acceptor
pairs in the presence of the gold nanospheres using a Green’s tensor formalism, experimentally
verified in our lab. We find that the energy transfer rate to small nanospheres is greatly enhanced,
leading to a strong quenching of the emission of the emitter. When the nanosphere size is increased, it
acts as an antenna, increasing the emission of the emitter. We also investigate the emission wavelength
and intrinsic quantum yield dependence of the energy transfer to the nanosphere. As evidenced from
the literature, the energy transfer process between the quantum system and the nanosphere can have
a complicated distance dependence, with a =% regime, characteristic of the Forster energy transfer
mechanism, but also exhibiting other distance dependences. In the case of a donor-acceptor pair
of quantum systems in the presence of a gold nanosphere, when the donor couples strongly to the
nanosphere, acting as an enhanced dipole; the donor-acceptor energy transfer rate then follows a
Forster trend, with an increased Forster radius. The coupling of the acceptor to the nanosphere
has a different distance dependence. The angular dependence of the energy transfer efficiency
between donor and acceptor exhibits a strong focusing effect and the same enhanced donor-dipole
character in different angular arrangements. The spectral overlap of the donor emission and acceptor
absorption spectra shows that the energy transfer follows the near-field scattering efficiency, with
a red-shift from the localized surface plasmon peak for small sphere sizes. © 2016 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4939206]

. INTRODUCTION

The optical interactions between light and matter in the
presence of metal nanoparticles (NPs) is a topic of great
interest, both from the point of view of a fundamental
understanding of these interactions, as well as their potential
applications for solar cells,'™* light-emitting diodes,>®
subwavelength imaging,”'? bio-sensing,!'~!” etc. Of particular
importance is the influence that the localized surface plasmon
(LSP) excited at the surface of noble metal NPs has on the
optical interactions of quantum systems. 323

The interaction of emitters with metallic nanospheres
has been extensively studied, both theoretically>*¢ and
experimentally.’” There have been reports using different
metallic NP size regimes and a variety of quantum dot and dye
fluorophores. In Refs. 37-42, the authors studied the distance
dependence of the quenching efficiency for extremely small
NP, with a radius in the range 1-5 nm. The distance dependence
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has also been investigated for larger NP such as a Au NP with
a 10 nm radius separated from a dye fluorophore*® and a 30 nm
diameter Au NP separated from a QD by 15 nm—70 nm on
a triangular-shaped DNA origami platform.** In Ref. 45, the
separation dependence is reported for a range of QD emitters
in proximity to 5.5 nm Au nanospheres, whereas in Ref. 46,
a selection of fluorescent molecules is attached to a Au/SiO,
core-shell NP with a radius in the range 10-20 nm. Some
studies on the specific influence of the metallic NP size on the
separation dependence have also been explored. In Ref. 47,
the authors report on the distance dependent quenching of Cy3
and CyS5 for two diameters of Au NP, 5 nm and 10 nm, whereas
the size dependence of the quenching has been investigated
for a fixed emission wavelength and quantum yield of the
emitter using 3 nm, 15 nm, and 80 nm Au nanospheres in
Ref. 48. Dulkeith et al. also reported on the influence of the
Au NP size by attaching lissamine dye molecules to Au NP
with radii ranging from 1 nm to 30 nm.** The experimental
studies have revealed various distance dependences of the
quenching, which include but are not limited to the 7% and

©2016 AIP Publishing LLC
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r~* dependences associated with the Forster resonance energy
transfer (FRET) and nano-surface energy transfer (NSET)
mechanisms, respectively. The observations are influenced by
the range of experimental parameters including the spectral
overlap and NP size, which varied from case to case. It is
noted that experiments probing the spectral dependence by
varying the quantum emitter wavelength are also susceptible
to changes in the quantum yield.*!*>4

The interaction between a quantum emitter and a metallic
NP has also attracted theoretical interest, with both large and
small NP considered. Anger et al. reported an experimental
and theoretical study of the change in the radiative and
non-radiative rates of a single quantum emitter as a function
of its separation from an 80 nm diameter Au NP2* whereas
Carminati ef al. considered smaller Ag NP with a radius of
5 nm.? More recently, Sukharev et al. probed the quenching
distance dependence considering Ag and Au nanospheres
with radii of 20 nm and 8 nm.?® They showed the emergence
of a range of distance dependence regimes from r~'° to
r=>4 Mertens et al?’ investigated the effect of the NP
size for larger NP on the luminescence enhancement of
the emitter, for emitters with a low quantum yield (1%)
and compared the electrodynamic theory with the Gersten
and Nitzan model.”® Hirtling e al.®® have also studied the
luminescence enhancement provided by Au nanospheres with
sizes above 50 nm and its dependence on the quantum emitter
position and emission wavelength.

The research to date has revealed the complexity of the
quenching behavior. The quenching rate is dependent on the
spectral properties and quantum yield of the quantum emitter
(which are difficult to control independently experimentally)
as well as its separation from the NP. Despite the large number
of studies, the literature does not have a systematic and unified
account of the influence of the size of the metal NP on these
dependences. In this contribution, we will examine each of
these dependences for a range of NP sizes. A number of
features are observed including a blue shift of the spectral
peak of the quenching efficiency as the Au nanosphere size
increases. In addition, the r~° distance dependence regime
becomes smaller as the NP size increases and is no longer
evident for 50 nm diameter NP.

A related, but more complex process is that of
excitation energy transfer, or resonance energy transfer,
in a donor-acceptor pair. This is one of the main pathways
by which energy transfer occurs at the nanoscale. It plays
important roles in biology,’*>* nanophotonics (light harvest-
ing, LEDs, nanolasers), %0 microscopy,“*62 sensing,“’64
and for optical rulers, etc. The process is determined by
the dipole-dipole interaction between the donor and acceptor
and, in the short distance limit, has a r~° dependence on
the donor-acceptor separation, r, the FRET regime.®® In
free-space, this regime usually holds for donor-acceptor
separations smaller than approximately 10 nm. At larger
separations, the energy transfer process is overwhelmed
by other de-excitation mechanisms of the donor, such as
phonon relaxation or emission into the far-field. In a variety
of applications, it is desirable to extend the FRET regime to
larger donor-acceptor separations. This could enhance the
efficiency of light harvesting and emitting devices as well
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as increase the range and accuracy of sensing devices and
optical rulers.

Metal NP offer a way of enhancing the energy transfer
rate in a donor-acceptor pair by acting as a “mediator.”
The role of the mediator is to increase the probability that
energy transfer between donor and acceptor will occur, by
providing both a large enhancement and a tight confinement
of the electromagnetic field. As the energy transfer process
competes with the other donor de-excitation processes,
which are also possibly enhanced by the metal NP, it is
the efficiency of the energy transfer process, rather than
its absolute rate that is a better figure of merit for the
process.

The donor-acceptor energy transfer process in the pres-
ence of metallic NP has been investigated experimentally®’~"’
and theoretically’®-%3 with increases in the energy transfer
rate, range, and efficiency reported for various NP materials,
sizes, and geometries. The experimental studies of plasmon
mediated energy transfer using nanospheres have included
donor-acceptor molecules in proximity to 20 nm diameter
Ag nanospheres®”%® and 40 nm Au nanospheres® with
21-fold and 3.2-fold increases in the FRET rate, respectively.
Ref. 67 also reported an increase of approximately 57% in the
characteristic energy transfer distance. A 4-fold increase in
the energy transfer efficiency and ~30% increase in the energy
transfer range were observed for a core-shell geometry with
separate donor and acceptor layers coating a 47 nm diameter
Ag nanosphere.”” Lunz et al.’"'’* tuned the energy transfer
rate, efficiency, and range by varying the concentration of
Au nanospheres with a diameter of 5.5 nm in a monolayer
sandwiched between monolayers of donor and acceptor QDs.
An increase of the FRET rate by a factor of ~200, a 150 fold
enhancement of the FRET efficiency, and ~240% increase
in the energy transfer distance were reported.”> Plasmon-
enhanced FRET was also observed for a similar multilayer
geometry using 15 nm Au nanospheres.”? Refs. 73 and 74
investigated the influence of preferential coupling of the metal
NP to the donor or the acceptor of the FRET pair. Ref. 75
experimentally studied the impact of the metallic NP size, in
the small size regime, on FRET between quantum dots. They
fabricated arrays of Au nanoislands with radii up to ~ 3.6 nm
by thermal evaporation and showed that FRET between a fixed
pair of quantum dots can be controlled by the metallic NP size.
Theoretical studies have concentrated on one or two metallic
NP sizes. Ref. 80 theoretically investigates the enhanced FRET
between quantum dots in the presence of Au and Ag NP of
radius equal to 4 nm. The authors of Ref. 81 also focused
on small (5-10 nm) nanospheres and nanoshells, investigating
non-local effects on the energy transfer process. In Ref. 82,
the authors investigate the energy transfer process between
chlorophyll molecules in the presence of a Au NP with a
larger radius, of 25 nm. The energy transfer process has also
been studied more recently in Ref. 83 for Ag spheres of 5 nm
and 25 nm diameter. These are just some of the examples
of studies reported in the literature. As for fluorescence
quenching by metal NPs, the literature contains no systematic
and unified treatment of the sphere size influence on the
different dependencies of the energy transfer process between
donor-acceptor pairs in the presence of a metal NP. In this
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contribution, the effect of varying the metallic NP size on
the distance dependence, angular position dependence, and
spectral overlap dependence of the energy transfer efficiency
is examined.

We begin in Sec. II by laying out briefly the theoretical
framework used in our investigations. Section III A deals with
the decay rate of an emitter. In Sec. IIl A 1, we validate
the model used by comparing simulations with experimental
results.*> We next consider the decay rates of a single emitter
placed near a Au NP and investigate its dependence on the
emission wavelength and intrinsic quantum yield of the emitter
(Sec. IIT A 2) and on its distance to the Au NP (Sec. III A 3),
and how these dependences are influenced by the Au NP
size. In Sec. Il B, we consider the energy transfer rate
between a donor-acceptor pair placed near the Au NP; thus,
in Sec. III B 1, we validate again the model by comparing
simulations with experimental results.”* We then consider
a donor-acceptor pair near a Au NP and investigate the
dependence of the donor-acceptor energy transfer efficiency
on the distance to the Au NP (Sec. III B 2), on the relative
angular position of the donor and acceptor around the Au
NP (Sec. IIT B 3), on the spectral overlap between donor
emission, acceptor absorption and Au NP extinction spectra
(Sec. IIl B 4) and how these dependences are influenced
by the Au NP size. Finally, the conclusions are discussed
in Sec. IV.

Il. THEORETICAL FRAMEWORK

Using a Green’s tensor formalism, which we will
briefly sketch in what follows, we can calculate the energy
transfer rate and efficiency between two point dipoles
placed near a metal NP. This formalism, described in more
detail elsewhere,®*% is particularly suited to our present
investigation, since it uses the full electrodynamic response
of the Au NP, without making approximations that would not
be valid over the entire range of Au NP sizes we consider, as
simpler models do (Gersten-Nitzan,”® FRET®®).

A. Decay rates

Considering a two-state quantum system modeled as an
electric point dipole, its decay rate in the presence of the Au

J. Chem. Phys. 144, 024108 (2016)

NP can be related to the power emitted as®’
y(r,w) P(r,w)
Yow)  Polw)’

where y(r,w) and yo(w) are the decay rates of the quantum

system in the presence and absence of the Au NP, respectively,

and P(r,w) and Py(w) are the power emitted by the dipole in

the presence and absence of the Au NP, respectively.

The emitted power in the absence of the Au NP, Py(w)
has the classical expression®’

ey

4,2
Vew'ug
12ngoc’

Po(w) = @
where +/€ is the refractive index of the host medium, w is the
emission frequency, and g is the transition dipole moment
of the emitter. The emitted power can be calculated from the
integral of the normal component of the Poynting vector along
a closed surface containing the quantum system,

P(ro,w) = %Re 7( dQii - E(r,w) x H'(r,w), 3)

where now i is the unit vector normal to the surface, and E
and H are the electric and magnetic fields, respectively. The
total and radiated emitted power can be calculated from this
expression by letting the imaginary surface shrink to a point
or be infinite. The total power emitted in the presence of the
sphere is

1
P(ro,w) = 3 Re }{ dQi - E(r,w) x H'(r,w)

l‘—)l‘o
6mc

+
Vew

Ez(fo,(()) g [
Eo(ro, w)

Im (fi - &(rp, 1o, W) - ﬁ)] >

“

where &(rg,rp,w) is the Green’s tensor, and the prefactor
in the second line is the field enhancement factor, A(rg,w)
= |Ex(ro,w)/Eo(ro, )| Similarly, the radiative power emitted
in the presence of the sphere is
P(ry,w) = %Re%dﬂﬁ -E(r,w) x H(r,w) 5)
These general expressions take, for a spherical NP,
specific forms depending on the orientation of the transition
dipole of the quantum system with respect to the NP. For
a radially oriented transition dipole, the radiated and total
emitted power become

2

P (ro,w) _ 3 Ym(0s) + amlm(ps)

e = Alro.w)3 ; m(m + 1)(2m + 1) p , (6a)

Pt(rp,w) _ 3 am(rzn(ps)

i) = A(ro,w) 1+§;m(m+ DHQ2m + 1)Re(p—§)}, (6b)
Pilrow) _ PHrow) _ PHrow) 60

Py(w)

while the same quantities for a tangentially oriented dipole read

Po(w)

Po(w)
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P} (ro,0) 3 Un(ps) + bl [* _ |¥m(03) + amd(p9)[
———— = A(rp,w)= Y 2m+1) - ] I AU LA (7a)
Po(w) ! ; Ps Ps

P|| ) 3 b 2 ”
P09 w142 >em+ 1)Re( mln(0) | (P S)) : (7b)

Po(w) 4 - Ps Ps
Palrow) _ Plrow)  Pl(row) 70

Po(w) Po(w) Py(w)
[

In all the above expressions, the summation is over the theoretically’*>*3¢ and experimentally’’° for a variety of

multipole moments m of the sphere, i, and £, represent the
first and third kind Riccati-Bessel functions, ps = krg, and a,,
and b, are the Mie scattering coefficients of the sphere. The
relative decay rates can now be calculated from Eq. (1).

B. Energy transfer rate

The energy transfer (ET) rate between donor and acceptor
quantum systems can be calculated similar to the decay rates
from the expression

Ypa(ra,rp,w)  Ppa(w)
Yo(w) Po(w) ’
where Ppa(w) represents the power emitted by the donor D
and absorbed by the acceptor A.
It can be shown that the ET rate between a donor-acceptor
pair modeled as point dipoles is given as’*

®)

oo

Ypa(ra,rp) = / dw fo(w)ypa(ra,rp,w)
0
Yp 2
= 18”% dw fp(w)ny - B(ra,rp,w) - Np|“oalw),

0

€))

where 1 is the donor lifetime in the absence of the acceptor,
Yp is the quantum yield of the donor, and fp(w) is the area-
normalized donor emission spectrum, i.e., fooo dw fp(w) =1,
o a(w) is the acceptor absorption cross section and &(ra, rg, w)
is the Green’s tensor in the particular geometry. Finally, npa)
is a unit vector along the direction of the transition dipole
moment of the donor (acceptor).

The area-normalized emission spectrum is also used to
account for real emitters in the decay rates. In the case of
the experimental verification, Secs. IIl A 1 and III B 1, the
emission spectrum is taken from experiments, whereas for our
purely theoretical calculations, we use a Gaussian function
with a FWHM of approximately 45 nm for the emission
spectrum.

lll. RESULTS AND DISCUSSION
A. Decay rates

As previously described, the decay rates of quan-
tum emitters near metallic NP have been studied both

NP sizes. However, a systematic investigation of the influence
of the metal NP size on the several dependencies of the decay
rates has not been undertaken and that is what we investigate
in this section.

1. Experimental verification

Before presenting the theoretical study, we first validate
our model by direct comparison with experimental data
previously reported in Ref. 45. Fig. 1(a) shows a schematic
of the experimental samples, prepared using a Layer-by-
Layer technique.®® A monolayer of Au nanospheres with a
radius a = 2.75 nm is separated by a polyelectrolyte layer of
thickness d (not shown here) from a monolayer of closely
packed quantum dots (blue spheres). Fig. 1(b) presents the
optical properties of the quantum dots and the Au NP. The
black and red curves represent the emission spectra of two
sizes of CdTe quantum dots, labeled QD-1 and QD-3 in
Ref. 45 and in the rest of this paper, whereas the blue curve
represents the extinction spectrum of the Au NP monolayer.
The photoluminescence (PL) spectra and the time-resolved
PL decays of these samples were recorded. The quenching
of the QD emission was calculated from these data sets.
The PL quenching was calculated as Qpr, = 1 — Ionau/loD,
where Ionau (Igp) represents the integrated spectral emission
of the QD monolayer in the presence (absence) of the Au NP
monolayer. Similarly, the lifetime quenching was calculated
as Qrr = 1 — Tonau/ToD, With Tonau (D) being the PL decay
times of the QD monolayer in the presence (absence) of
the Au NP monolayer. Figs. 1(c) and 1(d) show the PL
and lifetime quenching efficiencies as red squares and blue
diamonds, respectively, for the two sizes of quantum dots.
The agreement between the PL and lifetime quenching for
each one of the two panels, within the error bars, shows that
the radiative decay rate of the quantum dots is not modified
significantly by the presence of the Au NP monolayer. We
also show two theoretical fits of the experimental data with the
FRET model (red dashed curve) and the NSET model (blue
dotted curve).

The results of our simulation, using the Green’s tensor
formalism, are shown as a continuous black line in Figs. 1(c)
and 1(d). The simulations have been performed using the
experimental values of the QD properties — size, quantum
yield, emission spectrum — and Au NP properties — size
and concentration in the monolayer. The expressions for the
emitted power, Egs. (6) and (7), are now extended to account
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FIG. 1. Experimental verification of the model used in this paper; (a) schematic of the QD monolayer (blue spheres) on top of the Au NP monolayer (gold
spheres); (b) normalized emission spectra of the two quantum dot samples, as well as the extinction spectrum of the Au NP. The experimental data sets are taken
from Ref. 45 for the quantum dots labeled as (c) QD-1 and (d) QD-3 in that reference. The black curve shows our parameter-free simulation. The red dashed
curve is a fit of the experimental data with a FRET model, while the blue dotted curve corresponds to a fit of the experimental data with a NSET model.

for the multiple Au NPs in the monolayer by employing a
multiple scattering technique, as discussed in Ref. 89. Using
the experimental concentration of Au NPs in the monolayer,
an average is performed over a large number of realizations
of the Au NP distribution in the monolayer. Theoretically,
quenching of the emission is due to energy transfer from
the emitter to the Au NP and absorption in the latter. The
theoretical non-radiative decay efficiency can be calculated as

YNP
Y+ yr?r + YNP '

On = (10)

where 7; is the radiative decay rate, ¥ is the intrinsic non-
radiative decay rate of the quantum dots, when the quantum
yield is less than 100%, and ynp is the non-radiative decay
rate of the emitter due to absorption in the Au NP. The
simulation uses no free parameters. It can be noted that,
while both theoretical fits and our simulations agree with
the experimental data within the error bars, the characteristic
distances extracted from the FRET fit do not agree with those
calculated from the spectral overlap (see Ref. 45 for a more
in-depth discussion). There are many experiments suggesting
that the ET mechanism from the quantum dot to the Au NP
has a more complex distance dependence than the FRET and
NSET models allow for. We will investigate this distance

dependence and how it is affected by the Au NP size in more
detail in Section IIT A 3.

2. Emission wavelength and quantum yield
dependence of the decay rates

Now that the theoretical model and simulation procedure
have been validated experimentally, we consider the simple
case of a single emitter placed close to a single Au NP.
We investigate the influence of the Au NP size on the
dependence of the non-radiative decay efficiency of the emitter
on its emission wavelength and intrinsic quantum yield. The
emission spectrum of the quantum emitter will be modeled as
a Gaussian distribution with a varying central wavelength and
a full-width at half-maximum (FWHM) of ~45 nm, typical
of fluorophores such as dyes. We also introduce a slightly
different non-radiative decay efficiency as

e
Vet Vot YNe
thus, a n = 50% non-radiative decay efficiency corresponds
on this scale to ' = 0.

Fig. 2(a), for which the intrinsic quantum yield of
the emitter is ¥y = 100% shows the non-radiative decay
efficiency, n’, as a function of the emission wavelength of

o = 1010g10%, with 7= Qp = (11)
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FIG. 2. (a) Emission wavelength and Au NP size dependence of the non-radiative decay efficiency, 7’, for an emitter with an intrinsic quantum yield of
Yo =100%; the solid black line represents the wavelength of the maximum non-radiative decay efficiency, the dotted magenta, dash-dotted green, and dashed
blue lines represent the wavelength of maximum absorption, far-field scattering, and near-field scattering efficiencies, respectively. (b) Quantum yield and Au NP
size dependence of the non-radiative decay efficiency for an emission wavelength Ay, = 525 nm; the black lines are guides for the eye representing the maxima
in the non-radiative decay efficiency. Quantum yield and emission wavelength dependence of the non-radiative decaying efficiency for a Au NP with radius

(c) a =10 nm and (d) a = 50 nm; the black lines are guides for the eye.

the quantum emitter, Aen, and the radius of the Au NP, a.
The radius of the Au NP varies from 1 nm to 1 um, on
a logarithmic scale, and the emitter is placed at a distance
d =3 nm from the surface of the Au NP. Superimposed
on the contour plot, there are several curves which we will
now discuss. The solid black line represents the wavelength
of the maximum non-radiative decay efficiency, n’, for each
value of the Au NP radius, a. There is an evident blue-shift
from Apax = 580 nm to Ay = 500 nm in the wavelength
of the maximum non-radiative decay efficiency as the Au
NP radius is increased from a =1 nm to a ~ 10 nm. For
larger radii, the blue-shift continues slightly, after which the
wavelength hardly changes with radius. The other three lines in
the panel represent wavelengths of the maximum absorption
(dotted magenta), scattering (dash-dotted green), and near-
field scattering (dashed blue) efficiencies. The scattering
efficiency is only relevant when the size of the Au NP is
sufficiently large, whereas absorption dominates for sizes
smaller than a = 50 nm. However, for these small sizes, the
wavelength of maximum absorption remains roughly constant
at Amax = 500 nm and does not undergo the same blue-shift as
the wavelength of maximum non-radiative decay efficiency,
with increasing Au NP size. Thus, neither the scattering
or absorption efficiencies explain the blue-shift for small

Au NP sizes, although they do describe the oscillations of
the wavelength of maximum non-radiative decay efficiency
for sizes larger than a ~ 100 nm. The near-field scattering
efficiency, on the other hand, does a much better job for
small Au NP sizes. This quantity is the near-field analog of
the far-field scattering efficiency, obtained by calculating the
power radiated out of a sphere of finite (usually small) radius,
inthis case r = a + d = a + 3 nm. This efficiency is, therefore,
sensitive to the same near-field that the emitter experiences,
and the non-radiative decay efficiency of the emitter follows
rather closely the near-field scattering efficiency for small Au
NP sizes. For larger sizes, the trends of the near- and far-field
scattering are essentially the same, consisting of red-shifts
of particular peaks which are associated with higher order
multipoles of the sphere, followed by the apparition of new
peaks at low wavelengths.

Fig. 2(b) shows the non-radiative decay efliciency of the
emitter as a function of Au NP radius and quantum yield,
considering an emission wavelength of A¢p, = 525 nm. The
general trend is that, as the quantum yield increases, so
does the non-radiative decay efficiency for the emitter. The
explanation for this is that the intrinsic non-radiative rate of the
emitter, i.e., the decay rate through other relaxation processes,
increases with decreasing quantum yield, thus also increasing
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the total decay rate of the emitter and, hence, lowering the
non-radiative decay efficiency. In addition to this general
increase in the non-radiative decay efficiency with quantum
yield, the panel shows a number of peaks in the non-radiative
decay efficiency as a function of Au NP size: there is a main
peak for small sizes, below a = 50 nm, and a number of less
pronounced peaks when a > 100 nm. Considering the main
peak, it undergoes a shift from a = 50 nm at low quantum
yields, ¥y = 1%, to a < 10 nm at the highest quantum yields,
Yy = 100%. The shift is traced in the panel by the black line,
which acts as guide to the eye. Again, with decreasing quantum
yield, the non-radiative decay efficiency will decrease as well.
In these circumstances, a larger Au NP size has, in this
regime, a stronger non-radiative interaction with the emitter,
thus compensating the larger intrinsic non-radiative decay rate
of the emitter. For the secondary peaks, however, the shift is
in the opposite direction, though much less pronounced, since
for the larger Au NP, the radiative interaction with the emitter
dominates over the non-radiative interaction.

Finally, Figs. 2(c) and 2(d) show the joint emission
wavelength and quantum yield dependence of the non-
radiative decay efficiency for two Au NP sizes, a = 10 nm
and a = 50 nm. The first thing to notice is that the general
form of the emission wavelength/quantum yield dependence
is similar for the two Au NP sizes. There is a peak around
Aem = 500 nm, corresponding to the LSP of the Au NP, which
undergoes a slight blue-shift as the quantum yield is increased.
There are a number of additional points to be made regarding
the joint dependence of the non-radiative decay efficiency
on the emission wavelength and the intrinsic quantum yield
of the emitter. Whereas the non-radiative decay efficiency
increases monotonically with the intrinsic quantum yield of
the emitter, as expected, its dependence on the emission
wavelength exhibits a maximum in the vicinity of the LSP
peak. It is therefore important that in experiments investigating
the emission wavelength dependence of the non-radiative
decaying efficiency of a quantum emitter, one ascertains
whether the intrinsic quantum yield of the quantum emitter
also changes, as changes in this variable may determine the
wavelength of the maximum non-radiative decay efficiency
that one observes.

1000

100 -

Au NP radius, a [nm]
Power law exponent, n

I Il I
10 100
Emitter-Au NP surface distance, d [nm]
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3. Distance dependence of the decay rates

To investigate the influence of the Au NP size on the
dependence of the non-radiative decay efficiency on the
distance between the quantum emitter and the center of the
Au NP, r, we consider that we can write the rate of ET from
the emitter to the Au NP as

yne(r) ( &)"
Y0 r)’
where R, is the so-called characteristic distance at which the
non-radiative decay efficiency is 50% and n is an exponent,
which, as mentioned in the Introduction, takes the value n = 6
for the FRET model and the value n = 4 for the NSET model.
With this expression for the ET rate, the logarithmic form of
the non-radiative decay efficiency becomes

(12)

n’ = 10nlog, Ry — 10 nlog, 7, 13)
which leads to
1 dy’
-1 dr 14
" =-15 d(log, o) (14

The emission wavelength of the quantum emitter has been
fixed at Aeyy = 525 nm, with an intrinsic quantum yield of
Yo = 100%. The value of the quantum yield of the emitter
does not affect the exponent n, only the overall values of the

ET rate.
Fig. 3(a) shows a contour plot of the exponent n of the
distance dependence of the rate of ET from the quantum
emitter to the Au NP as a function of the distance between the
emitter and the surface of the Au NP, d = r — a, and Au NP
size, from a =1 nm to @ =1 pum. The panel shows that,
close to the surface of the Au NP, d < a/4, the non-radiative
decay efficiency increases dramatically with decreasing d,
having large values of the exponent n. This is due to the
strong coupling of the emitter to the high order multipoles
of the Au sphere, which have a very limited spatial range.
When the distance between the emitter and the surface of
the Au NP becomes larger than d = a/4, and the Au NP
radius is reasonably small, a £ 100 nm, the exponent becomes
n = 6, characteristic of the FRET regime. For these values of
the parameters, the emitter-Au NP interaction is essentially
m 70
0
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0.1 1 10 100 1000

1000

N
=]

100

o
[S)

w
S

Quenching Efficiency, logr(n / (1 - )

10

Au NP radius, a [nm]

N
=]

o

Emitter-Au NP surface distance, d [nm]
(b)

FIG. 3. (a) Exponent n of the non-radiative decay efficiency of the quantum emitter near the Au NP as a function of the emitter distance to the surface of the
Au NP, d, and the Au NP size, a; the individual curves represent the exponent n as a function of d for several values of the Au NP size, a. (b) The non-radiative
decay efficiency as a function of Au NP size, a, and emitter distance to the surface of the Au NP, d. The emission wavelength of the quantum emitter is

Aem =525 nm and its intrinsic quantum yield is Y= 100%.
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FIG. 4. (a) Schematic of the Au nanosphere monolayer (radius 2.75 nm) sandwiched between a donor QD monolayer (blue spheres) and an acceptor QD
monolayer (red spheres). (b) Emission spectrum of donor QD monolayer (black solid line), absorption spectrum of the acceptor QD monolayer (red dashed
line), and extinction of Au NP monolayer (blue dotted line). (c) Energy transfer efficiency versus the center-to-center distance for monolayers of quantum dots
separated by a monolayer of Au nanospheres of radius 2.75 nm. The donor-Au NP separation is kept fixed at 3 nm. See Ref. 74. The black solid line represents

our simulation results.

dipole-dipole. Finally, when d z 100 nm, the emitter-Au NP
interaction becomes radiative with a characteristic =2 distance
dependence. Notice that the onset of the radiative regime does
not depend on the size of the Au NP, as did the FRET regime,
but it occurs always at d ~ 100 nm, regardless of size. The
curves superimposed on the contour plot in Fig. 3(a) represent
the exponent n as a function of d for several Au NP sizes.
The dependence of the onset of the FRET regime on Au NP
is clearly visible, as is the independence of the onset of the
radiative regime.

Fig. 3(b) shows the actual values of the non-radiative
decay efficiency from which the exponent n was extracted
over the same range of Au NP sizes, a, and emitter distance
to the Au NP surface as in Fig. 3(a). It is clear that, up to
distances of a few nanometers, non-radiative decay dominates
the decay process of the emitter, as evidenced by the positive
values of the non-radiative decay efficiency 1’ over that range.
For larger distances, 1’ also takes negative values, though they
have been suppressed in the figure for visibility. The strongest
non-radiative decay takes place very close to the smallest
Au NP, since these contribute almost nothing to increase the
radiative decay rate of the emitter.

B. Energy transfer rates

There have been numerous experimental®”’’ and
theoretical’®%* studies of the ET process in donor-acceptor
pairs. The studies reported increases in the ET rate, range,
and efficiency for various NP materials, sizes, and geometries.
As in the case of fluorescence quenching by metal NPs, the
literature contains no systematic and unified treatment of the
sphere size influence on the different dependences of the ET
process between donor-acceptor pairs in the presence of a
metal NP. In this section, we consider the effect of the metallic
NP size on the distance dependence, angular dependence, and
spectral overlap dependence of the ET efficiency.

1. Experimental verification

As before, we validated the model by comparing it with
experimental measurements of ET rates between monolayers
of donor and acceptor QDs, separated by a monolayer of Au
nanospheres.”* The schematic of the structure is presented

in Fig. 4(a), where the donor QDs are represented as blue
spheres in the bottom monolayer, the acceptor quantum
dots are represented as red spheres in the top monolayer,
and the Au NP are represented as gold spheres in the
middle monolayer. As before, the separation of the different
monolayers is controlled by the use of polyelectrolyte layers of
known thickness (not shown in the schematic). Fig. 4(b) shows
the emission spectrum of the donor QD monolayer (black
continuous line), the absorption spectrum of the acceptor QD
monolayer (red dashed line), and the extinction spectrum of
the Au NP monolayer, showing the LSP peak (blue dotted
line). This panel shows a good overlap between the different
spectra, an essential feature for optimizing the ET process.
Finally, Fig. 4(c) shows the calculated ET efficiency as a
function of the center-to-center separation between the donor
and acceptor quantum dot monolayers, together with the
experimental measurements. In this multilayer structure, the
donor-Au NP separation is kept fixed at 3 nm, and the
acceptor-Au NP separation is varied. Again, the simulation
uses experimental values of all parameters and is, therefore,
parameter-free. As in the case of the decay rates, the presence
of multiple Au NPs in the monolayer is taken into account via
a multiple scattering technique® and an average is performed
over a large number of realizations of the Au NP distribution
in the monolayer. Furthermore, the total ET rate is a sum
of ET rates from the donor to individual acceptors tightly
packed in the acceptor monolayer.”® The experimental results
are shown as red discs, while the results of the simulations are
presented as the black solid line. A good agreement between
the model and experiment is observed. Having validated the
model via comparison with experiments, we will now use this
model in the following investigation of the influence of the Au
NP size on the distance, angular position, and spectral overlap
dependencies of the ET efficiency.

2. Distance dependence of the energy transfer

We consider a single donor-Au NP-acceptor triad. In this,
as well as Subsections III B 3 and III B 4, the intrinsic
quantum yield of the donor is YOD = 100%, and the donor
emission spectrum is modeled as a Gaussian with a FWHM
~45 nm, with a similar shaped absorption spectrum for the
acceptor. The peak wavelengths of the donor emission and
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FIG. 5. Energy transfer efficiency 77 between a donor-acceptor pair on opposite sides of the Au NP for (a) fixed Au NP size, a =5 nm, fixed donor positions,
varying positions of the acceptor; (b) fixed Au NP size, a =5 nm, fixed acceptor positions, varying positions of the donor. The solid black line in each panel
represents the ET efficiency in the absence of the Au NP. The ET efficiency 7’ as a function of Au NP size and acceptor position for fixed positions of the donor
at (c) dp =3 nm and (d) dp = 6 nm from the surface of the Au NP. The donor emission and acceptor absorption peak wavelengths are Adem = Aaps = 525 nm.

acceptor absorption spectra will be specified for each case
considered.

We first investigate how the size of the Au NP influences
the dependence of the ET efficiency between a donor-acceptor
dipole pair, on their separation. The donor and acceptor are
placed on opposite sides of the Au NP, forming a linear triad.
Fig. 5 shows the distance dependence of the ET efficiency
from donor to acceptor. Fig. 5(a) considers a Au NP of radius
a =5 nm and a donor whose distance to the surface of the
Au NP is constant and equal to dp =3 nm and dp = 6 nm,
respectively. The acceptor distance to the surface of the Au NP,
da, is varied, and we plot the ET efficiency as a function of the
total donor-acceptor distance rpp = dp + 2a + da. The black
circles correspond to a donor-acceptor pair in free-space, while
the solid black line represents a fit with a power law model of
the form (Ry/rpa)", with Ry and » being the fitting parameters.
The legend gives the extracted values of these parameters as
Rp =9.1 nm and n = 6, which corresponds to a FRET model
with a characteristic distance of 9.1 nm. The characteristic
distance, also known as the Forster radius in the FRET model,
is the donor-acceptor distance at which the ET efficiency is
n = 50%. The second set of red squares corresponds to a
donor placed at dp = 3 nm from the surface of the Au NP. The
red dashed line represents a fit with the same functional form,
and it yields the following values for the fitting parameters:

Ro=30.1 nm and n = 7.2. The fit is performed in the range
where 17 = 50% and it shows a considerable increase of the
characteristic distance from Ry = 9.1 nmto Ry = 30.1 nm. The
exponent n = 7.2 is also relatively close to the FRET value of
n = 6. Finally, the third set of blue diamonds corresponds to a
donor placed at dp = 6 nm from the surface of the Au NP. The
fit with the dashed blue line yields the values Ry = 21 nm and
n = 8.3, with an exponent somewhat larger than that for FRET.
The inset in Fig. 5(a) shows another fit of the ET efficiency,
in the form n’, with the same functional form. The fit is now
performed by fixing the value of the exponent to the FRET
value, i.e., n = 6. Thus, there is only one fitting parameter,
the characteristic distance Ry. The values obtained from the
fit are Ry = 28.2 nm for dp =3 nm and Ry = 18.7 nm for
dp = 6 nm. These are within 10% of the values we obtained
from the fit in the main plot, suggesting that the FRET model
with increased characteristic distance describes well the ET
process over a large range of donor-acceptor distances. When
the acceptor is very close to the Au NP, the FRET model no
longer strictly applies.

Fig. 5(b) shows similar data, except that now the acceptor
is kept at a fixed position, dx = 3 nm and d, = 6 nm, and
the distance of the donor to the surface of the Au NP is
varied. Fitting the calculations with a power law leads to
characteristic distances of Ry = 20.1 nm and Ry = 21.6 nm
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with the corresponding values for the exponent n = 18.6
and n = 29.6. The fitting has, again, been performed in the
region where 1 = 50%. The extremely large values of the
exponent show that, even though the characteristic distances
are increased from Rp = 9.1 nm, the FRET model does not
apply in this region. The inset shows, however, that one
can still use a FRET model, but it is only valid at large
separations, where the ET efficiency is extremely low. These
separations are larger than the FRET characteristic distance,
and, therefore, unlike in the inset of Fig. 5(a), there is no
longer any enhancement of the FRET characteristic distance.
The inset also shows that the deviation from the FRET model
when the donor approaches the surface of the Au NP is now
much more dramatic than in Fig. 5(a). For the case of a
fixed acceptor, therefore, the interaction between donor and
acceptor is enhanced, but the dependence of the ET on this
distance does not follow a simple FRET model.

These two panels indicate that, when the donor-Au
NP surface separation is constant and small, the donor-Au
NP combination acts as a dipole with an enhanced dipole
moment, when the acceptor is not very close to the pair. This
leads to a FRET, rﬁ?\» behavior of the ET, with an increased
characteristic distance. When the acceptor is brought closer
to the pair, it no longer behaves as a single dipole, and the
distance dependence becomes more complicated. On the other
hand, if the acceptor-Au NP surface separation is constant,
the pair does not behave as an enhanced dipole, and a donor
brought in its proximity will have a different interaction.
This interaction is still considerably increased from the pure
donor-acceptor interaction in free-space, as evidenced from
the increased characteristic distance — more than doubled —
but its distance dependence no longer follows a FRET model
and it reverts to the free-space interaction when the donor-pair
separation is increased.

Figs. 5(c) and 5(d) extend the data in Fig. 5(a) to a larger
range of acceptor distances, up to dy = 1 um, and to a range of
Au NP sizes, from a = 1 nm to a = 1 um. This new extended
Au NP size range shows an increase in the ET efficiency at
larger sizes, a ~ 50 nm for dp = 3 nm and a ~ 100 nm for
dp = 6 nm. This is, most likely, due to the excitation of higher
order modes on the Au NP, since it is appreciable when both
donor and acceptor are very close to the surface of the Au NP.

3. Angular position dependence of the energy transfer

In Subsection III B 2, the donor and acceptor were placed
at opposite sides of the sphere, i.e., at antipodes, and the ET
was investigated as a function of their distance to the surface
of the sphere alone. We now investigate the influence of the
Au NP size on the behavior of the ET efficiency when the
angular position of the donor and acceptor around the Au NP is
varied. Fig. 6 shows the ET efficiency of a donor-acceptor pair
at different distances from the surface of a Au NP as a function
of the Au NP size and the angular position of the acceptor
around the Au NP. Figs. 6(a) and 6(b) present contour plots
of the ET efficiency, n’, as a function of Au NP size, a, and
acceptor angular position, ¢a, around the Au NP, for a fixed
acceptor-Au NP separation, d4 = 3 nm and two donor-Au NP
separations, dp = 3 nm (Fig. 6(a)) and dp = 6 nm (Fig. 6(b)).

J. Chem. Phys. 144, 024108 (2016)

Superimposed on the contour plots is a line representing the
ET efficiency as a function of the radius at a fixed angular
arrangement, ¢ = n. These two panels show that, for large
Au NP sizes, a > 100 nm, the largest ET efficiency occurs
when the donor, Au NP and acceptor lie in a straight line,
i.e., when ¢p = . This is a well-known focusing effect found
even for large dielectric spheres. As a function of the Au NP
size, the panels show the, by now, familiar increase in the ET
efficiency around a = 100 nm, again most likely due to higher
order modes on the Au NP. There is also a shallower peak at a
finite small Au NP size, around a = 6 nm. This is most likely
due to the fact that, for small Au NP sizes, surface scattering
effects increase the losses in the gold, but they decrease as the
size of the Au NP is increased.

The rest of Figs. 6(c)-6(f), consists of polar plots of the
ET efficiency, n, for a fixed donor position at dp = 3 nm,
several acceptor positions, da = 2,3,6, and 9 nm, and several
Au NP sizes a = 10 nm (Fig. 6(c)), a = 25 nm (Fig. 6(d)),
a = 50 nm (Fig. 6(e)), and a = 75 nm (Fig. 6(f)). In each panel,
the thinner lines are obtained by setting the material of the Au
NP to air, effectively calculating the free-space ET efficiency
for the same absolute donor-acceptor separation. Beginning
with the smallest Au NP size, a = 10 nm in Fig. 6(c), the ET
efficiency around the Au NP is extremely high, even though its
free-space values rapidly decrease (see thinner lines). This is
due to the large enhancement of the characteristic distance for
a closely spaced (dp = 3 nm) donor-Au NP pair. Increasing
the size of the Au NP to a =25 nm as in Fig. 6(d), there
is a decrease in the ET efficiency, due to the fact that the
actual donor-acceptor distance is now also increased. Around
wa = 7w, however, the ET efficiency partially recovers, over
quite a broad angular range. This is very similar to the focusing
effect observed for much larger spheres, now obtained by very
small metal spheres. Finally, the focusing effect is dramatically
illustrated in Figs. 6(e) and 6(f), for which the Au NP size is
a =50 nm and a = 75 nm, respectively. In both panels, the
ET efficiency increases at ¢, = 7, most dramatically when
the acceptor is closest to the Au NP surface. In addition to
this large focusing effect, another interesting feature of the
ET efficiency in these last two panels is the large number
of side lobes at particular angles where the ET efficiency is
also increased. We have already seen hints of this behavior
in Figs. 6(a), 6(b), and 6(d), but they are much more visible
now. These lobes are a result of the excitation of high order
modes of Au NP with a large enough size and the interference
between these different order modes. If we were to subtract
these two effects of focusing and size lobes from the ET
efficiency, its angular behavior would be very similar to the
free-space case, except corresponding to a smaller overall
donor-acceptor separation. This can be seen in the curves
corresponding to acceptor position of dx = 9 nm, which show
the same “guitar pick” shape as the thinner lines in Fig. 6(c).

4. Spectral overlap dependence of the energy transfer

Finally, we now consider the influence of the Au NP size
on the dependence of the ET on the spectral overlap between
the donor emission, acceptor absorption, and the LSP peak of
the Au NP. To this end we fix the position of the donor and
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FIG. 6. Contour plots of the ET efficiency, 7', as a function of acceptor angular position, ¢4, and Au NP radius, a for fixed acceptor-Au NP surface separation
of da =3 nm and fixed donor-Au NP surface separation of (a) dp =3 nm and (b) dp = 6 nm; the lines correspond to a fixed angular position ¢ = 7. Polar plot of
the ET efficiency, 7, as a function of the angular position of the acceptor, ¢, for a fixed donor-Au NP surface separation, dp = 3 nm and several acceptor-Au NP
surface separations (see legends) for different Au NP sizes: (¢) @ =10 nm, (d) @ =25 nm, (¢) a =50 nm, and (f) @ =75 nm. The donor emission and acceptor
absorption peak wavelengths are equal to Aem = Aabs =525 nm. The orientations of the donor and acceptor dipoles are isotropic. The thin curves correspond to
the same donor-acceptor arrangement as the thick curves, but in the absence of the Au NP.

acceptor at several distances from the surface of the Au NP, on
opposite sides. We then consider Gaussian distributions with
a fixed width of 45 nm for the donor emission spectrum and
acceptor absorption spectrum, and we calculate the ET rate as
a function of the Au NP size and of the central wavelengths of
these distributions (we consider the central wavelength of the
donor emission and acceptor absorption spectra to coincide).
The results are shown in Fig. 7 for four arrangements of the
donor and acceptor around the Au NP, with dp = 3 nm (top
row) and dp = 6 nm (bottom row), da = 3 nm (left column)
and da = 6 nm (right column).

The four panels in Fig. 7 share many similarities with a
few notable differences. The main difference consists in the
overall values of the ET efficiency, which naturally depend
on the donor and acceptor positions relative to the surface
of the Au NP. As far as the similarities go, all the panels
in the figure show a maximum of the ET efficiency at each
Au NP size as a function of wavelength. Indeed, the solid
black line in the panels is a guide to the eye to indicate the
wavelength corresponding to the maximum ET efficiency as a
function of Au NP size. For very small Au NP with a size just
above a = 1 nm, the wavelength of maximum ET efficiency
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FIG. 7. Contour plots of the ET efficiency, 77/, as a function of the Au NP size and the central wavelength of the donor emission and acceptor absorption spectra
for several positions of the donor and acceptor: (a) and (b) dp =3 nm, (c) and (d) dp =6 nm, (a) and (c) da =3 nm, and (b) and (d) d =6 nm. The light gray
lines represent the ET efficiency at a wavelength A2 =525 nm. The solid black line is a guide to the eye showing the wavelength of the maximum ET efficiency

as a function of Au NP size.

is outside our spectral window and we do not show it. Around
a ~ 2.5 nm, we can define the wavelength of maximum ET
efficiency and follow it as the size of the Au NP is increased.
There is first a blue-shift of this wavelength from A ~ 560 nm
to 4 = 525 nm, followed by slight oscillations around this
value as the size of the Au NP increases more and more. The
blue-shift at small Au NP sizes is similar to the blue-shift
that the wavelength of the maximum near-field scattering
efficiency undergoes as the size of the Au NP is increased.
Furthermore, the blue-shift is more pronounced in Fig. 7(a)
than in Fig. 7(d), for which both donor and acceptor are further
away from the Au NP. The light gray line in all the panels
represents the ET efficiency as a function of the Au NP size at
a wavelength 4 = 525 nm. The same general structure of the
Au NP size dependence can be seen in these panels as we have
encountered in Subsections III B 2 and III B 3 large efficiency
between a = 1 and a = 10 nm, followed by an abrupt decrease
as the size is increased; a series of much smaller peaks begins
around a = 100 nm, most likely due to the high order modes of
the Au NP.

IV. SUMMARY AND CONCLUSIONS

Though many theoretical calculations and experimental
investigations have been performed to study the ET processes
in the presence of Au NP, a systematic study is still missing,

particularly in relation to the influence of the Au NP size.
This is what we have undertaken in this contribution. The
formalism used was experimentally verified with the results
published elsewhere.*>74

We began with the investigation of the ET process
between a donor and a Au NP. We employed a Green’s
tensor formalism to investigate the influence of the Au NP
size on the dependence of the non-radiative decay efficiency
of a donor close to a Au NP on several parameters, such as the
emission wavelength, intrinsic quantum yield of the donor,
and the donor-Au NP distance.

We considered the dependence of the non-radiative decay
efficiency on the emission wavelength and intrinsic quantum
yield of the donor together, since these two parameters are
often modified in tandem in experiments. We have found that,
for a large range of Au NP sizes, the wavelength dependence
of the non-radiative decay efficiency exhibits a peak close to
the LSP resonance of the particle. In particular, there is a
finite Au NP size for which the non-radiative decay efficiency
attains its maximum value. This size depends on the donor-Au
NP separation. Very large Au NP are dominated by scattering
and higher order modes. The influence of the Au NP size
on the quantum yield dependence of the non-radiative decay
efficiency follows a similar trend, though now it is the highest
quantum yield donor which also has the largest non-radiative
decay efficiency for finite size Au NP.
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Subsequently, we studied the influence of the Au NP
size on the distance dependence of the non-radiative decay
efficiency. We found that, for the smallest Au NP, the donor-Au
NP interaction follows a FRET model to a good approximation
and for a large range of donor-Au NP separations. Both for
donor placed very close and very far from the Au NP, the
FRET model breaks down. At small separations the donor
can couple to the higher-order modes of the Au NP, while
at large distances the ET becomes radiative, following a r~>
dependence on the donor-Au NP distance. Increasing the size
of the NP, the range where the FRET model is valid gradually
shrinks and the distance dependence of the non-radiative
decay efficiency becomes more complicated.

We have also investigated the influence of the Au NP size
on the ET between a donor and acceptor. The ET efficiency is
much more sensitive to the donor-Au NP distance, than to the
acceptor-Au NP distance. Furthermore, for relatively small Au
NP, of a few nanometers in radius, the distance dependence
of the ET efficiency for constant donor-Au NP separations
suggests that the donor-acceptor interaction mediated by the
Au NP is essentially of dipole-dipole type, with a r~® FRET
regime, but the strength of the interaction is larger than in
free-space. This indicates that the coupling between the donor
and the Au NP gives rise to an effective donor with an enhanced
dipole moment. The strength of this effective donor dipole
moment is very sensitive to the donor-Au NP separation. For
larger Au NP sizes, the dipole-dipole approximation breaks
down, particularly when the acceptor is in the near-field of the
Au NP and can thus interact with the high-order dark modes
of the NP. When the acceptor-Au NP separation is fixed, on
the other hand, the ET efficiency is substantially different from
its free-space value only when both the donor and acceptor
are in the near-field region of the Au NP.

The positioning of the donor and acceptor around the
sphere can also modify the ET, and we have investigated the
influence of the Au NP size on the dependence of the ET
efficiency on the angular position of the acceptor. For large
Au NP sizes, we have found the well-known focusing effect
of spherical particles. This focusing effect also manifests for
small Au NP sizes, together with a number of side lobes
where the ET efficiency is increased, due to excitation and
interference of high order modes on the Au NP.

Finally, we have considered the influence of the Au
NP size on the dependence of the ET efficiency between a
donor-acceptor pair on the spectral overlap between the donor
emission, the acceptor absorption and the Au NP LSP. There
are several maxima in the ET efficiency dependence on the
Au NP size and the spectral overlap. For the smallest Au
NP sizes, the maximum is relatively strongly red-shifted to
570 nm, compared to the LSP peak at 500 nm. Increasing
the Au NP size, while still below 10 nm in radius, leads to
a blue-shift of the ET efficiency towards the LSP peak. The
maximum also occurs for larger Au NP sizes when the donor
or acceptor distance to the surface of the NP is larger. This
can, again, be attributed to their decoupling from the near-field
of the Au NP. The additional maxima in the ET efficiency
are weaker and can be found for quite large Au NP sizes, of
the order of a few tens to hundreds of nanometers. They are
related to higher order modes of the Au NP.

J. Chem. Phys. 144, 024108 (2016)

In this contribution, we have undertaken a thorough
investigation of the effects of the size of a Au nanosphere
on the decay and ET processes of quantum systems placed
in its vicinity. The enhanced donor dipole formed by the
coupling of the donor quantum system to the Au NP can
have interesting applications in improved sensing and as an
extended spectroscopic ruler.
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